Abstract
Introduction 1
Low back pain and injury are significant public health problems. In United States, 2 up to 85% of the population suffer low back pain at least once in their lifetime [ Lively, 3 2002 , and Pai and Sundaram, 2004] . In the United States, the total annual costs of back 4 pain are estimated to range from $20 -$50 billion [Nachemson, 1992, Pai and Sundaram, 5 2004] . Jobs involving flexion tasks and lifting heavy loads have been shown to be 6 associated with a higher incidence of low back injuries [Marras et al., 1995 , Punnett et 7 al., 1991 . Understanding how subjects perform these flexion and lifting tasks is, 8 therefore, important to understanding and preventing low back injuries. 9
When examining flexion tasks and the low back, the motion of the spine is a 10 critical component. Panjabi [Panjabi, 1992b] described the motion of spinal segments 11 with two regions, the neutral zone where rotation of the spinal segments meets little 12 resistance and the elastic zone where soft tissue restraints such as ligaments, facet joints 13 (in extension) and the intervertebral disk (in flexion) provide resistance to rotation. At the 14 extremes of the neutral zone, tension in the posterior ligaments (in flexion), moment 15 loading of the intervertebral disc (in flexion) and/or compression in the facet joints (in 16 extension) are engaged, limiting further motion [Panjabi,1992a , Panjabi, 1992b While repetitive lengthening of muscle and tendon beyond its neutral length can 1 cause damage, such stretching of the muscle-tendon unit has been demonstrated as a 2 powerful method of energy conservation in a number of cyclic activities such as running, 3 jumping, snatch-lifting and flying (in animals) [Biewener, 2003 , Ettema, 2001 , Roberts, 4 2002, Gourgoulis, 2000] . This cyclic stretch, generally referred to as a stretch-shortening 5 cycle, has been demonstrated to allow energy to be stored during the stretch of the 6 muscle-tendon unit and released during the subsequent shortening of the unit. Energy is 7 believed to be stored in the elastic components of the muscle and tendon, particularly the 8 series elastic of the tendon. It is possible that subjects engaged in repetitive lifting may 9 use a similar mechanism to reduce the energy required for lifting. In order to better 10 understand injury risk as well as the possible stretch-shortening action of the trunk 11 musculature, it is important to understand the interaction with the limits of lumbar 12 motion. 13 As a person moves, a range of lumbar curvatures is available for any torso 14 inclination. For example, one can slouch (more kyphotic) or stand up straight (more 15 lordotic). Such changes in lumbar curvature at a given torso inclination are modulated by 16 [1992] demonstrated using phase lag between the hip and lumbar spine that the hip 18 precedes the spine with extension during a lift. Dieen et al [1996] further demonstrated 19 an increased phase lag with straight leg lifting relative to squat lifting. Dieen et al. [1998] 20 also demonstrated that the phase lag increases as a consequence of fatigue in freestyle 21
lifting. However, none of the previous authors have examined how this co-ordination 22 interacts with range of physically possible lumbar angles or the lumbar range of motion.
The object of the study was to examine a variety of lifting tasks to assess lumbar-pelvic 1 coordination as a function of the range of lumbar curvature in order to examine how 2 extreme lumbar postures are encountered in lifting activities. In addition, the effects of 3 heavy and fast lifting tasks on the lumbar curvature as a function of the range were 4 examined. 5
Methods 1
Eleven healthy volunteers (4 female, 7 male, height 1.72 m (SD .09), weight 71 2 kg (SD 9)), with ages ranging from 22-32 years participated in this study. This study was 3 approved by the human subjects committee of the University of Kansas and consent was 4 obtained from all subjects. All the participants were healthy and reported no instance of 5 low back pain within the last year or musculoskeletal disorder that would limit normal 6 torso flexion. 7
An electromagnetic motion analysis system (Motion Star, Ascension Tech., VT) 8 was used to collect position and orientation of three electromagnetic sensors. This 9 system has a resolution of 0.08 cm and 0.1 degrees and an RMS accuracy of 0.76 cm and 10 0.5 degrees. The three sensors were attached to the skin with double-sided tape over the 11 T10 spinous process, over the S1 spinous process, and over the manubrium. This To assess maximal effort, subjects were asked to stand on a force plate at a trunk 3 inclination angle of 45 0 (0.79 radians) with respect to the vertical. They were then asked 4 to pull vertically on a tethered handle as hard as possible for five seconds. They were 5 asked to repeat this maximal exertion three times. The mean maximum effort of three 6 trials was defined as the maximum effort. 7
Before conducting the experimental protocol, the range of lumbar curvature for 8 the four inclination angles (0, 30, 60 and 90 degrees (0, 0.52, 1.05 and 1.57 radians)) was 9 determined. A real-time visual display of torso inclination and lumbar curvature was 10 provided to the subjects. At each of the four torso inclination angles, subjects were 11 instructed to hold the inclination angle constant while rotating their thorax and pelvis to 12 change the lumbar curvature. Subjects were allowed to practice these movements until 13 they became comfortable with the equipment. Subjects were then instructed to assume 14 the maximum (kyphotic) and then the minimum (lordotic) lumbar curvature possible 15 while maintaining one of the four torso inclination angles. Subjects were asked to repeat 16 these extreme lumbar curvatures three times at each of the four torso inclination angles. 17
Plotting lumbar curvature on the y-axis and trunk inclination on the x-axis, the lumbar 18 curvature range was defined as the maximum and minimum obtained lumbar curvatures 19 obtained at each of the trunk inclination angles (Figures 2 and 3) . A linear interpolation 20 was used to determine the lumbar range between the measured trunk inclination angles. 21
Outside of the measured range of trunk inclination, lumbar range was kept constant.
Subjects were then asked to perform the following lifting tasks in random order: 1 1) heavy-slow, 2) heavy-fast, 3) light-slow, and 4) light-fast. A 0.9 kg milk crate with no 2 added weight was defined as the light condition. Subjects were told to keep their hands 3 comfortably gripping padded handles of the crate for all lifting conditions to maintain 4 consistent hand position. Sandbags equivalent to 40% of their maximal effort were added 5 to the crate for the heavy condition. Slow and fast trunk flexion speeds were defined as 6 25 and 100 deg/sec (0.44 and 1.75 radians/sec) respectively. Subjects were asked to lift 7 the box up from ground level to his or her waist, hold it for 5 seconds and then lower the 8 box to the ground at the speed displayed on a computer screen. Subjects were asked to 9 perform these lifting tasks while maintaining the feet in a consistent position, shoulders 10 width apart and while maintaining comfortably straight knees. Each lifting task was 11 repeated three times with speed controlled by having the subject match a real-time visual 12 feedback of their torso inclination to a target torso inclination (Figure 1 ). Subjects were 13 allowed to practice until they became comfortable with the equipment and were familiar 14 with the tasks. A total of 5 lifting cycles were performed for each lifting condition. A 15 five minute rest was given between lifting tasks. 16 The range of lumbar curvature motion measured initially was used to define the 17 bounds of the range of lumbar curvature. Lumbar curvature was examined as a percent 18 of this range during the lifting tasks. Maximally lordotic was considered to be 0% of the 19 range and maximally kyphotic was considered to be 100% of range. The limits of range 20 of lumbar curvature were therefore projected on a 0 to 100% scale (Figure 2 and 3) . measures ANOVAs were performed for each of these segments with the independent 10 variables of speed and weight. These tests were determined to be significant for a 11 p<0.05. 12 
13

Results
14
The lumbar curvature range measured in this study was found to change with 15 torso inclination. The maximum and minimum lumbar curvature both shifted from more 16 lordotic in upright trunk postures to more kyphotic in flexed trunk postures (Figure 3) . 17 The width of the range (the difference between maximum and minimum lumbar 18 curvature) also decreased at higher torso inclinations. Using the lumbar curvature range 19 for each subject, the lumbar-pelvic coordination for that subject could be mapped to 20 identify at what stages of a lifting task the subject might approach the edges of their range 21 of motion (Figure 2 ).
The lumbar-pelvic coordination was observed to have different patterns in flexion 1 and extension with subjects maintaining a mid-range lumbar curvature (52%) during the 2 flexion phase of lifting and a highly kyphotic lumbar curvature at the mid-region of the 3 extension phase of lifting (Table 1 ). In extension, subjects moved from the middle of 4 their range (59%) to a more kyphotic posture (78%) ending at a more neutral posture 5 (47%) (Table 1, Figure 4 ). This pattern was observed to be particularly pronounced in 6 the heavy-slow lifting condition (Figure 4) . 7
A repeated-measures ANOVA of the data demonstrated significant effects of both 8 the direction of motion (p<0.01, Table 2 ) and the weight on the lumbar curvature 9 (p<0.01, Table 1 ). In addition a significant interaction was also found between the 10 direction of motion and the torso inclination (p<0.01, Table 2 ). 11
To examine the phases of lifting where the most extreme postures were found, 12 repeated measures ANOVA were also performed for the each segment during the 13 extension phase with weight and speed as independent variables. When rising from 14 100% of torso flexion, the weight was found to have a significant effect on lumbar 15 curvature at 80-100% (p<0.05), 60-80% (p<0.05), 40-60% (p<0.01) and 20-40% 16 (p<0.01) of torso flexion (Table 3) . Strong trends were also observed in the interaction 17 between weight and speed although none of these was statistically significant (Table 3) . 18
Speed was not found to have a significant effect at any of these torso flexions (Table 3) . Achilles tendon and its associated muscle act as a powerful energy storage mechanism, 18 storing energy as they are stretched and releasing that energy during shortening. Much 19 like a spring, the tendon stiffness provides energy storage proportional to its stiffness. It 20 is possible that subjects may be using similar elastic characteristics of their muscle and 21 associated tendons in the trunk to "bounce", taking advantage of the stored elastic energy 22 to reduce muscle energy expenditure while raising the torso. While there may be energyadvantages in such a strategy, it is possible that loads on these elastic structures may lead 1 to injury. Therefore, further work is needed to investigate the energy expenditure as a 2 function of lifting strategy and to investigate the relationship between the use of highly reported that sitting resulted in significantly more kyphotic postures than during standing 11 [Scannell and McGill, 2003 ]. The authors suggested that standing may put less strain for 12 the passive tissues [Scannell and McGill, 2003 ]. In addition, the authors demonstrated 13 that the lumbar curvature assumed by subjects could be altered through training [Scannell 14 and Table1. Lumbar curvature, represented as a percentage of the range of lumbar curvature, was assessed during each of the lifting tasks. Lifting tasks were divided into segments of 20% of the torso flexion during the lift and the lumbar curvature was averaged within that segment. Table 3 . Two-way, repeated measures ANOVAs were used to further examine the effect of weight and speed during the ascent phase of lifting for each of torso flexion segment. For four of the five segments, weight was found to have a significant effect on the lumbar curvature. 
